Organic acid metabolism is of fundamental importance at the cellular and at the whole plant level. In recent years there has been increased attention in the role of organic acids in modulating adaptation to the environment, including organic acids participation in the detoxification of heavy metals. The basis of the phenomenon is the ability of acids such as citrate, malate, oxalate, malonate, aconitate and tartrate to form strong bonds with heavy metal ions through metal chelatation with carboxyl groups carrying the function of donor oxygen in metal-ligands. This review deals with aspects of extracellular and intracellular chelation of heavy metal ions with the involvement of organic acids. We consider the role of metal-induced secretion of malate, citrate and oxalate by roots of various plant species in extracellular complexation of heavy metals and in the reduction of their bioavailability for plants. We also review the possible mechanisms of stimulation of metals uptake by plants under the influence of exogenous application of organic acids in the soil. The efficiency of intracellular chelation of heavy metal ions with the participation of organic acids is considered due to the importance of this strategy in hyperaccumulators and non-hyperaccumulators to improve metal tolerance in plants.
Introduction
Environmental pollution by heavy metals and its negative effect on living organisms, including plants, is one of the urgent problems of our time. High concentrations of heavy metals affect the growth, development and yield of plants and can have a damaging effect on physiological and biochemical processes like photosynthesis, respiration, water relations, transport of organic substances, and mineral nutrition (Titov, Kaznina, and Talanova, 2014) . However, the ability of plants to grow under heavy metal pollution indicates the existence of different mechanisms of their metal resistance (Yang, Feng, He, and Stoffella, 2005; Titov, Kaznina, and Talanova, 2014 ) that correspond to the two main strategies of plant survival under stress -1) the strategy of avoidance or limitation of metals uptake by plant cells and 2) the strategy of resistance (tolerance) coupled with intracellular mechanisms of metal detoxification (Chirkova, 2002; Titov, Kaznina, and Talanova, 2014) . In the first case, the main role belongs to the cation-exchange properties of cell walls due to the presence of significant amounts of pectins, especially polygalacturonic and uronic acids, as pectin carboxyl groups take part in the binding of heavy metal ions, thus preventing their influx into the root cells (Meychik, Nikolaeva, Komarynets, and Ermakov, 2011) . The second strategy involves the neutralization of toxic ions by various chelators and the compartmentation of free ions and complexes into vacuoles (Hall, 2002) . In recent years, however, there is growing evidence for possible limitations of the influx of metal ions in plants due to mechanisms of their exogenous binding through the participation of several low molecular weight compounds, secreted by roots, among which significant attention is given to organic acids (Lopez-Bucio, NietoJacobo, Ramirez-Rodriguez, and Herrera-Estrella, 2000; Kochian, Pineros, Liu, and Magalhaes, 2015) .
Organic acids are important metabolites formed in plants mainly in the Krebs cycle and glyoxylate cycle, as well as in the processes of C 4 and CAM photosynthesis (Lopez-Bucio, Nieto-Jacobo, Ramirez-Rodriguez, ad Herrera-Estrella, 2000; Igamberdiev and Eprintsev, 2016) . They can form both active cytosolic and storage vacuolar pools that can be used to maintain the ionic balance in plant cells (Osmolovskaya, Kuchaeva, and Novak, 2007) . Organic acid metabolism is of fundamental importance at the cellular level for several biochemical pathways, including energy production, formation of precursors for amino-acid biosynthesis and, at the whole plant level, in modulating adaptation to the environment (Lopez-Bucio, Nieto-Jacobo, Ramirez-Rodriguez, and Herrera-Estrella, 2000) . The basis of the phenomenon of metal ion detoxification with organic acids is the ability of acids such as citrate, malate, oxalate, malonate, aconitate and tartrate to form strong bonds with heavy metal ions through metal chelatation with carboxyl groups carrying the function of donor oxygen in metal-ligands (Anjum et al., 2015) .
The participation of organic acids in the detoxification of heavy metals is considered in various works mainly in connection with the analysis of certain plant species' resistance to specific heavy metals. The objective of this review is to discuss advances in the study of organic acids secretion by plant roots in response to metal exposure, the role of organic acids in heavy metals uptake, and the investment of organic acids in transport and internal chelation of metals in plants.
Organic acids secretion in roots and its role in metal tolerance
The role of organic acids secretion as a possible mechanism for the enhancement of plants' tolerance to heavy metal stress was particularly intensively investigated in relation to Al tolerance in plants such as wheat (Delhaize, Ryan, and Randall, 1993; Ma, Ryan, and Delhaize, 2001 ), maize (Pellet, Grunes, and Kochian, 1995) , rice (Yang et al., 2000) and buckwheat (Ma, Zheng, Matsumoto, and Hiradate, 1997) . In studies on Triticum aestivum L., it was found that the main mechanism providing wheat plants resistance to the toxic effects of Al 3+ ions is malate excretion by Al-activated malate transport channels (ALMT), located in the plasma membrane of the root tip cells, which leads to the extracellular chelation of Al 3+ ions and limits the flow of metals into root cells (Delhaize, Ryan, and Randall, 1993; Ma, Ryan, and Delhaize, 2001; Ryan et al., 2011; Yang, Qi, Jiang, and Chen, 2013) . The studies provided evidence that malate anions secretion is accompanied by the secretion of K + , which maintains the ionic balance and pH of the apoplast (Kochian, Pineros, Liu, and Magalhaes, 2015) . On the other hand, it was shown that in sorghum, maize, barley, soybean and arabidopsis plants, Al resistance is correlated with the secretion of citrate rather than malate, which is carried out with the participation of MATE family transporters and is coupled with H + antiport (Meyer, De Angeli, Fernie, and Martinoia, 2010; Ryan et al., 2011; Wu et al., 2014) . More Al-resistant genotypes of maize were shown to secrete more citrate than more sensitive ones (Pellet, Grunes, and Kochian, 1995) . However, in other maize genotypes, Pineros et al. (2005) observed a weak correlation between citrate exudation and Al resistance, which allowed them to assume excretion of other not-yet-identified Al-chelators, for example, phenols, under exposure to Al stress. In rice, unlike other cereals, the MATE mechanism of Al resistance is less pronounced. This suggests a dominant role of ABC transporters that determine efflux of UDPglucose to the cell wall. The cell wall then changes its composition and decreases Al-binding capacity. Efflux of UDP-glucose also activates the OsNrat1 transporter that moves Al 3+ ions from the cell wall to the root cells; the ions are subsequently sequestered to the vacuoles, with the participation of OsALS1 transporter (Kochian, Pineros, Liu, and Magalhaes, 2015) . It is suggested that plants' tolerance to Al stress may be achieved by parallel operation of 2 mechanisms -extracellular chelation of Al by organic acid ligands and intracellular sequester in the vacuoles of root cells (Ryan et al., 2011) .
The molecular mechanism of constitutive and Alinduced ALMT and MATE gene expression is only now beginning to emerge, based on the identification of ciselements and trans-factors involved in the expression of a number of Al-resistant genes. Evidence obtained indicates that in plants of wheat and Arabidopsis, the mechanisms of both malate and citrate excretion are operational (Lopez-Bucio, Nieto-Jacobo, Ramirez-Rodriguez, and Herrera-Estrella, 2000; Kochian, Pineros, Liu, and Magalhaes, 2015) . The exudation of organic acids in aluminum-tolerant plants could represent an evolutive convergence directed to cope with Al, because organic acids effectively protect the root from Al toxicity. Alternatively, it may be part of a more general adaptive mechanism to increase the capability of native species to survive in acid soils, but the validity of this hypothesis remains to be investigated (Lopez-Bucio, Nieto-Jacobo, Ramirez-Rodriguez, and Herrera-Estrella, 2000) . Attempts to establish whether the gene expression of enzymes involved in the synthesis of organic acids or the activity of transporters on the plasma membrane is the limiting step in the excretion of organic acids under Al
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stress have given conflicting results. According to the data given in several papers, in some experiments under Al stress, the effect of increasing citrate and malate synthesis and their secretion was observed along with overexpression of genes of citrate synthase, malate dehydrogenase, FEP carboxylase and other enzymes involved in the TCA cycle; however, in other cases this effect was absent (Delhaize, Gruber, and Ryan, 2007; Ryan et al., 2011; Yang et al., 2012) . However, the increase in organic anions secretion was not proportional to their concentrations in roots, which suggests that the main role is played by the activity of transporters (Yang et al., 2012) . It was found that the overexpression of genes encoding proteins of acids transporters on the plasma membrane led to a significant increase in Al resistance, i.e., Al acts primarily on the expression of ALMT and MATE genes (Kochian, Pineros, Liu, and Magalhaes, 2015) . On the other hand, it is noted that at neutral pH citrate 3-as the anion of tricarbonic acid is a much stronger chelator of Al 3+ , as well as of Fe 3+ , Zn 2+ and Cd 2+ , than malate 2- (Ryan, Delhaize, and Jones, 2001 ), whereas at acidic pH, malate and oxalate do form more stable complexes with these metals, and at high pH their ability for complication is greatly reduced (Jones, 1998) . The study of the role of excretion of organic acids in plant tolerance to metals such as Al, Zn, Cu, Ni, Pb and Cd revealed that along with malate and citrate, oxalate is often found in root exudates of several plants. The secretion of oxalate by roots under Al stress was observed in buckwheat (Ma, Zheng, Matsumoto, and Hirade, 1997) and in a number of other species which tend to accumulate oxalate -amaranth, spinach and tomato (Ma, Zheng, Matsumoto, and Hirade, 1997; Yang, Zhang, and Zheng, 2008) . On the other hand, Cd-induced secretion of oxalate was shown from the apex of tomato roots and was associated with the exclusion of Cd and Cd tolerance (Zhu et al., 2011 ). An inhibitor of anion channel PG blocked the secretion of oxalate, and externally added oxalate effectively eliminated Cd toxicity, preventing the entrance of Cd into the root, probably through the formation of the extracellular Cd-oxalate complex (Zhu et al., 2011) . Excretion of oxalate is also exhibited in rice plants in the presence of Pb (Yang et al., 2000) . It is essential to note that in buckwheat and in Amaranthus hypochondriacus L., which are oxalate accumulators, no increase in secretion of oxalate (or citrate) was detected under exposure to Cd, in contrast to that observed in the presence of Al (Zhu et al., 2011; Fan et al., 2016) . On the other hand, when maize plants were exposed to 100 µm Cu or Cd in a hydroponic culture, significant secretion of citrate was not observed, in contrast to that observed in the presence of Al (Chaffai, Tekitek, and El Ferjani, 2006) . It should be noted that the extracellular production of organic acids is considered an important mechanism in increasing heavy metal tolerance not only in higher terrestrial plants, but also in fungi (Sazanova et al., 2015) and in hydrophytes (Kurilenko and Osmolovskaya, 2015) .
Mechanisms of metal-activated secretion of oxalate has not been well studied (Yang, Zhang, and Zheng, 2008) , and a probable oxalate transporter is not yet identified. According to Yang, Zhang, and Zheng (2008) , Alactivated secretion of oxalate in plants is not associated with the internal content of oxalate and, for instance, in 3-week amaranth seedlings, accumulating 55 µm oxalate/g fresh biomass, oxalate secretion was 3 times lower than that in spinach, which had oxalate content of 30 µm/g; this suggests that the principal role may belong not to oxalate synthesis de novo but to the density of anion channels in the plasma membrane. On the other hand, an important part of the effect of organic acids, including oxalate, on the absorption of metals is the solubility of the formed complex. For example, the Pboxalate complex is practically insoluble, and oxalate secretion from roots can significantly reduce the bioavailability and phytotoxicity of Pb (Yang, Zhang, and Zheng, 2000) . The Cd-oxalate complex is only partially soluble and therefore also reduces the bioavailability of Cd and its uptake by the root apex, particularly in the soil, where the involvement of exudates in the processes occurring in the soil is possible (Zhu et al., 2011) . The phenomenon of decrease in metals uptake by plants under the impact of organic acids secretion by roots is usually attributed to the reduction in the number of ionized bioavailable forms of metals in the rhizosphere and increased competition of H + and metal ions for the adsorption sites on the cell walls of the roots (Dong et al., 2007) , as well as with the formation of less bioavailable chelate complexes, which ultimately contributes to increased tolerance of plants to metals (Hall, 2002) . Thus, the increased Cu tolerance of A. thaliana plants has been correlated with increasing levels of citrate in the root exudates, and the rise in their tolerance to Pb-with increased levels of oxalate in root exudates (Ryan, Delhaize, and Jones, 2001 ).
In the experiments made on two genotypes of Chinese cabbage plants, it was shown that under Zn stress there was an increase in exudation of several organic acids from the roots, primarily citrate, lactate, oxalate and malate, which was higher in the more tolerant genotype (Li, Chen, and Cui, 2012) . Of two species of grass from the genus Miscanthus under Cd stress, less accumulation of Cd in roots and shoots and more intense exudation of malate from roots were shown for the more Cd-tolerant Miscanthus sacchariflorus than for the less stable Miscanthus floridulus (Guo et al., 2017) . Inhibition of the anion channel was accompanied by the blocking of malate secretion and an increase in Cd influx in M. sacchariflorus plants. Under Cd stress in M. sacchariflorus compared to M. floridulus, high up-regulation of genes of malate dehydrogenase and of malate transporter (MsALMT1) was observed, indicating the role of Cd-induced synthesis of malate and its secretion in the elimination of Cd toxicity by limiting the influx of Cd into the roots of plants.
Thus, from the works listed above, it follows that the role of organic acids excretion in plants' metal tolerance has been conceded mainly in regard to Al, Pb and Cd, and obviously further elaboration is needed regarding other metals.
Exogenous supply of organic acids and the uptake of metals by plants.
In recent years, along with the study of the role of organic acids excretion in enhancing the metal tolerance of plants, considerable attention has been paid to the study of the effect of exogenously added acids on the processes of metals uptake and accumulation in plants, especially in connection with the growing interest in their use as an effector in phytoremediation technologies (Turgut, Pepe, and Cutright, 2004) . However, the results obtained in this area have proved to be ambiguous. Adding citrate to soil at a concentration of 3 mmol/kg did not affect the uptake of Cu, Zn, Cd or Pb in Brassica juncea plants (Wu, Luo, Xing, and Christie, 2004) , whereas at higher concentrations (10 and 20 mmol/kg) citrate stimulated the uptake of Cd by 1.5 and 3 times, and U by 1000 times (Evangelou, Ebel, and Schaeffer, 2007) . A similar dependence was observed in experiments with Nicotiana tabacum plants. The addition of citrate, oxalate or tartrate to the soil at a concentration of 5 mmol/ kg did not affect the supply of Pb to the shoot, while at a concentration of 60 mmol/kg citrate (but no other acid) doubled Pb content in the shoots, and at a concentration of 125 mmol/kg all the acids caused a reduction of plant biomass (Evangelou, Ebel, and Schaeffer, 2007) .
Stimulation of Cd absorption after organic acids additions to the soil was also observed in rice and maize plants (Zhu et al., 2011) . The increasing concentrations of citrate or oxalate in soil and sand culture caused increased uptake of Cd and its transport to the aerial part of tomato plants (Nigam and Srivastava, 2005) . It was noted that Cd developed differently charged organic forms with organic acids. The concentrations of various organic forms of cadmium with organic acids in the environment correspond to the following order: organic (cation>>anion>neutral)>Cd 2+ . According to Schwab, Zhu, and Banks (2008) , citrate, to a greater extent than malate or oxalate, increases the mobility and transport of Cd and Zn in the soil solution, whereas the influence of these acids on the mobility of Pb is minimal. It should be noted that the concentrations of organic acids applied to the soil, as a rule, significantly exceed the concentrations of acids found in the soil as a result of their natural secretion by plants (Jones, 1998) . The use of lower concentrations of organic acids had a stimulating effect on the uptake of metals, whereas at higher concentrations organic acids often caused phytotoxic effects (Turgut, Pepe, and Cutright, 2004) In a water culture the simultaneous application of Cd and citrate in concentrations of 5 and 250 µm, respectively, did not affect the uptake and accumulation of Cd in tomato shoots. However, the pre-incubation of plants with citrate showed doubled absorption of Cd and a 5-8 times increase in the concentration of Cd in xylem exudate, where at least a portion of the Cd was present as a complex with citrate (Senden, Van Paassen, Van der Meer, and Wolterbeek, 1995) . In a study on Brassica napus plants in water culture, it was found that citrate application at a concentration of 2.5 mM in medium containing 10 or 50 µm Cd contributed to the 1.5-times increase in the accumulation of Cd in roots, stems, and leaves of canola (Ehsan et al., 2014) . Stimulation of Cd accumulation under the effect of exogenous citrate (but not tartrate) was shown for Cd/Zn hyperaccumulator Sedum alfredii (Lu et al., 2013) and for Spinacia oleracea plants (Degryse, Smolders, and Parker, 2006) .
According to the FIAM model of metals bioavailability, the influx of metals into the root cells occurs only in the form of ions, using various transport mechanisms, including ZIP, ABC, NRAMP transporters as well as low selective cation channels (Lux, Martinka, Vaculik, and White, 2011; Titov, Kaznina, Talanova, 2014) . However, some authors do not exclude the possibility of metals uptake in chelated form, with the participation of ligands carriers (Degryse, Smolders, and Parker, 2006; Lux, Martinka, Vaculik, and White, 2011) or through the apoplast in root tips where Casparian strips are not fully formed, or directly into the xylem vessels in case the integrity of membranes is disrupted after exposure to chelators (Evangelou, Ebel, and Schaeffer, 2007) . At the same time, it should be noted that exogenous application of organic acids is carried out directly in the form of acids, while the root secretion of acids is in the form of anions and can be accompanied by secretion of K + , so there is no strong acidification of the media (Ryan, Delhaize, and Jones, 2001; Kochian, Pineros, Liu, and Magalhaes, 2015) Analyzing the possible mechanism of the stimulating effect of citrate and other exogenously applied acids on the bioavailability of metals in soil, the authors explain it mainly through the acidification of the environment, contributing to desorption of metals from the solid phase of the soil, the complexation of metals with anions of acids and their conversion into a more mobile, soluble chelated form (Panfili et al., 2009; Ehsan et al., 2014) . The most important factor stimulating the absorption of Cd by plants, according to Panfili et al. (2009) , is higher lability of the Cd chelate complex compared to Cd 2+ ions, thus providing Cd concentration at the root surface. Given the large affinity of Cd to cell
wall sites in comparison with its affinity to citrate (log K 6,17 and 4.98, respectively), the author argues that the dissociation of Cd-citrate complex in the diffuse layer or on the surface of the roots releases Cd 2+ ions and leads to their adsorption by the cell wall, as indicated by the larger amount of labeled citrate adsorbed by roots in the presence of Cd (Panfili et al., 2009 ). Thus, exogenous application of organic acids, in contrast to their secretion by the roots, can lead to an increase, not decrease, of heavy metals uptake by plants.
The involvement of organic acids in transport and internal chelation of metals in plants
Along with the direct or indirect involvement of organic acids in the uptake of metals by plants, there is conclusive evidence of organic acids involvement in metals transport from roots to shoots (Lopez-Bucio, Nieto-Jacobo, Ramirez-Rodriguez, Herrera-Estrella, 2000), as well as in the detoxification of metals on the cellular level (Titov, Kaznina, and Talanova, 2014; Anjum et al., 2015) . Heavy metal binding in cell cytosol involving organic ligands such as organic acids and their sequestration and immobilization in the vacuoles is considered one of the most important mechanisms of metal tolerance in plants (Lux, Martinka, Vaculik, and White, 2011; Titov, Kaznina, and Talanova, 2014) . Citrate plays a special role in xylem transport of metals. Durrett, Gassmann, and Rogers (2007) emphasize that citrate plays a role in the chelation of Fe 2+ during the transport of these ions in the xylem, while FRD3 mediates the efflux of citrate to the root vessels to maintain the transfer of iron to the shoot. Data have been presented on joint xylem transport of Cd and citrate for Zn/Cd hyperaccumulator Sedum alfredii, which increases the transfer and accumulation of Cd in the leaves (Lu et al., 2013) .
The efficiency of metals transfer in the xylem in the form of a complex with organic acids is attributed to the lower adsorption of uncharged or negatively charged chelated forms of metals by the negatively charged cell walls of xylem, as well as to a decrease in lateral removal of metals from the vessel, which was noted in particular for Zn and Cd (Senden, van Paassen, Van der Meer, and Wolterbeek, 1992) . The role of organic acids in the intracellular detoxification of metals has been studied most intensively in heavy metal hyperaccumulators (Rauser, 1999; Küpper, Mijovilovich, Meyer-Klaucke, and Kroneck, 2004; Sun, Zhou, and Jin, 2006; Yang et al., 2006) , and primarily for Zn/Cd hyperaccumulators Thlaspi caerulescens and Arabidopsis halleri (Cosio, Martinoia, and Keller, 2004) . In the leaves of T. caerulescens, Zn is sequestered predominantly in the vacuoles of epidermal cells, where it is coordinated mainly with malate (Tolra, Poschenrieder, and Barcelo, 1996). In A. halleri accumulation of Zn occurs mainly in the mesophyll cells (Zhao, Lombi, Breedon, and McGrath, 2000) , where it is also coordinated with malate (Sarret et al., 2002) . Malate level in the leaves of hyperaccumulators does not depend on the increase of metal concentration in the environment; this indicates the constitutive high level of this acid in T. caerulescens (Tolra, Poschenrieder, and Barcelo, 1996; Wojcik, Skorzynska-Polit, and Tukiendorf, 2006) and also in A. halleri (Zhao, Lombi, Breedon, and McGrath, 2000) .
The molar ratios of malate:Zn in T. caerulescens vary according to different authors from 4.8:72 (Tolrà, Poschenrieder, and Barcelo, 1996) to 97:23.6 (Wójcik, Skorzynska-Polit, and Tukiendorf, 2006) , which is enough to maintain a Zn-malate shuttle in accordance with the model in which Zn is chelated by malate to form a relatively weak complex in the cytoplasm which is transported to the vacuole, where the complex dissociates and Zn 2+ binds with stronger chelators such as citrate or oxalate, and malate is re-exported to the cytosol (Chaffai, Tekitek, and El Ferjani, 2006) . The molar ratio of citrate:Zn in the leaves of T. caerulescens reached 2.1:5.9 (Wójcik, Skorzynska-Polit, and Tukiendorf, 2006) , and in leaves of A. halleri -0.37:49.0 (Zhao, Lombi, Breedon, and McGrath, 2000) . According to Salt et al. (1999) , Zn can stimulate the synthesis of citrate in T. caerulescens; this has been linked to 21% Zn in xylem juice and up to 38% of total Zn in the shoot (Salt et al., 1999) . The role of the carboxylate groups of malate, citrate, and other acids in the binding of Zn, especially in mature leaves, has been shown in other works (Sarret et al., 2002; Küpper, Mijovilovich, Meyer-Klaucke, and Kroneck, 2004) . In Al hyperaccumulator Melastoma malabathricum, it is assumed that Al is transported to the shoot in the form of citrate and stored in the vacuoles of leaf cells in the form of oxalate (Chaffai, Tekitek, and El Ferjani, 2006) .
Less information is available about the specificity of Cd hyperaccumulation; however, there is evidence that in the Zn/Cd hyperaccumulator Sedum alfredii, citrate is involved in Zn hyperaccumulation and Zn tolerance (Yang et al., 2006) , whereas Cd in shoots is up to 85% associated with malate and only 15% with citrate (Lu et al., 2013) . A positive correlation was found between citrate content and water soluble Cd content in the leaves of Cd hyperaccumulator Solanum nigrum L., which suggests that citrate is responsible for high accumulation of Cd in the leaves of this plant and the plants' resistance to it (Sun, Zhou, and Jin, 2006) . The role of malate and citrate is also discussed in connection with Ni hyperaccumulation in several species of plants (Titov, Kaznina, and Talanova, 2014) .
Studies on plants that are not metal hyperaccumulators also indicate the important role of organic acids in providing a mechanism of metal tolerance (Rauser, 1999; Ma, Ryan, and Delhaize, 2001 ). An increase in the content of malate, citrate and oxalate was shown in ryegrass shoots, maize roots and barley leaves with higher levels of nickel in the root medium (Yang, Baligar, Foster, and MArten, 1997) , and exposure to Pb led to increased malate and oxalate content in the leaves of plants from genus Paraserianthus (Titov, Kaznina, and Talanova, 2014) . The role of malate and citrate accumulation was reported for Zn tolerance in clones of Deschampsia caespitosa under high Zn content in the environment (Chaffai, Tekitek, El Ferjani, 2006) . In cell suspension culture from tobacco leaves, citrate, malate and oxalate in concentrations of 6, 17 and 0.5 mM at pH 5.0 were associated with 60, 15 and 3% of the total Cd in vacuoles; the increase in pH led to an increase in the proportion of Cd associated with citrate, and reduced Cd complexation with malate and oxalate (Rauser, 1999) . Metals such as Zn, Co, Ni and Cd exhibit a high affinity to citrate not only in A. hallerii (Zhao, Lombi, Breedon, and McGrath, 2000) , but also in nonhyperaccumulating species (Anjum et al., 2015) .
Along with malate and citrate, oxalate plays a specific role in the intracellular detoxification of heavy metals. The presence of Al-oxalate (1:3) complexes was shown in the roots and leaves of buckwheat (Ma, 2000) ; however, at high concentrations of Al in buckwheat leaves, Al-citrate complexes were also identified (Shen, Iwashita, and Ma, 2004) . This suggests that Al, in the form of Al-citrate complexes, is transported to the leaves, where it can be converted into an Al-oxalate (Shen, Iwashita, and Ma, 2004) . A study of Spartina alternifloria grass suggested that oxalate may participate in the vacuole sequestration of Cd in roots and also in Cd transport to the shoots of this plant (Chai et al., 2012) . On the other hand, in different plants research has shown the inclusion of some heavy metals in the form of oxalate in calcium oxalate crystals, particularly Cd and Pb in Eichhornia crassipes plants (Mazen and Maghraby, 1997) . In tobacco seedlings in the presence of high concentrations of cadmium, the formation of Cd-and Ca-containing oxalate crystals in the leaf trichomes (in the vacuoles) was observed, which the authors attributed to the removal of Cd (Choi et al., 2001) . However, in the leaves of Corchorus olitorius L. and Malva parviflora plants grown under Cd, Pb, Cu or Zn pollution, inclusions of these metals in the crystals of calcium oxalate were not revealed by an electron scanning microscope (Mazen, 2004; Faheed, Mazen, and Elmohsen, 2013) , whereas Al additions to the nutrient medium were accompanied by Al inclusion in the crystals of CaC 2 O 4 in leaves of Corchorus olitorius L. (Mazen, 2004) .
Conclusion
For a long time, the multifunctional role of organic acids in plant life was considered primarily in connection with their participation in carbon metabolism, including C 4 and CAM photosynthesis, Krebs and glyoxylate cycles, as well as in the formation of carbon precursors for the synthesis of amino acids and in maintaining ionic balance in plant cells. Less recognized is the idea of carboxylic acids' role in plant tolerance to abiotic stress, especially caused by heavy metals. This review, based on a brief analysis of studies conducted over the past 20 years, examines current achievements in the study of extra-and intracellular chelation of metal ions with the participation of organic acids anions, and provides information on molecular mechanisms for the involvement of these metabolites in the absorption, transport and immobilization of heavy metals in plants. The presented data give reason to consider the fundamental role of organic acids such as malate, citrate and oxalate in improving plant tolerance to heavy metals.
